The inflammasome is a signalling platform leading to caspase-1 activation. Caspase-1 causes pyroptosis, a necrotic-like cell death. AIM2 is an inflammasome sensor for cytosolic DNA. The adaptor molecule ASC mediates AIM2-dependent caspase-1 activation. To date, no function besides caspase-1 activation has been ascribed to the AIM2/ASC complex. Here, by comparing the effect of gene inactivation at different levels of the inflammasome pathway, we uncovered a novel cell death pathway activated in an AIM2/ASC-dependent manner. Francisella tularensis, the agent of tularaemia, triggers AIM2/ASC-dependent caspase-3-mediated apoptosis in caspase-1-deficient macrophages. We further show that AIM2 engagement leads to ASCdependent, caspase-1-independent activation of caspase-8 and caspase-9 and that caspase-1-independent death is reverted upon caspase-8 inhibition. Caspase-8 interacts with ASC and active caspase-8 specifically colocalizes with the AIM2/ASC speck thus identifying the AIM2/ASC complex as a novel caspase-8 activation platform. Furthermore, we demonstrate that caspase-1-independent apoptosis requires the activation of caspase-9 and of the intrinsic pathway in a typical type II cell manner. Finally, we identify the AIM2/ASC-dependent caspase-1-independent pathway as an innate immune mechanism able to restrict bacterial replication in vitro and control IFN-c levels in vivo in Casp1 KO mice. This work underscores the crosstalk between inflammasome components and the apoptotic machinery and highlights the versatility of the pathway, which can switch from pyroptosis to apoptosis.
The host cytosol has long been considered a safe haven for pathogens. 1 It is now clear that cytosolic bacteria are detected by innate immune pattern recognition receptors (PRRs). The inflammasome is an innate immune signalling platform sensing pathogens and danger signals leading to activation of the inflammatory caspase-1.
2,3 Active caspase-1 triggers the release of the inflammatory cytokines IL-1b and IL-18. Furthermore, caspase-1 triggers a necrotic-like cell death termed pyroptosis. Pyroptosis occurs within minutes after inflammasome activation and in contrast to apoptosis, is associated with immediate plasma membrane permeabilisation and release of cytoplasmic contents. 4, 5 Caspase-1-dependent cell death is a key innate immune defence against intracellular bacteria by removing the pathogen's replication niche. 5, 6 Francisella tularensis is a highly infectious bacterium causing tularaemia in humans. 7 F. tularensis subspecies novicida (F. novicida) is considered non-pathogenic for humans and is widely used as a model to study highly virulent subspecies. In mice, Francisella is found mostly in myeloid cells such as macrophages and neutrophils. 8 Its ability to cause disease is tightly linked to its ability to rapidly escape from the phagosome into the host cytosol where it can replicate to very high numbers. 9, 10 Deletion of a genetic locus, the Francisella Pathogenicity Island (FPI), abolishes the ability of F. tularensis to escape into the host cytosol.
11,12
The DFPI mutant remains in a vacuolar compartment, is unable to replicate intracellularly and is highly attenuated in vivo. Infection with WT F. novicida, which escapes into the cytosol, triggers type I IFN secretion. 13, 14 Furthermore, Francisella DNA released into the host cytosol upon bacteriolysis is detected by AIM2, an inflammasome receptor. [14] [15] [16] AIM2 activates caspase-1 via the inflammasome adaptor ASC. 17, 18 Macrophages deficient for AIM2 (the receptor), ASC (the adaptor) or caspase-1 (the effector) do not trigger pyroptosis and do not release IL-1b upon Francisella infection or DNA transfection into the cytosol. [14] [15] [16] So far, there is no description of alternative pathways by which the AIM2/ASC complex could signal independently of the canonical inflammasome effector caspase-1.
Here, we tackled this issue using F. novicida infection, which is emerging as a key experimental model to study AIM2 inflammasome activation in a physiological manner. We carefully examined the kinetics and the cell death process in WT, AIM2-deficient (AIM2 KO ), ASC KO and Caspase-1-deficient (Casp1 KO ) primary macrophages. We demonstrate that the AIM2/ASC complex acts as a novel caspase-8 activation platform and triggers apoptosis of infected Casp1 KO macrophages. Caspase-1-independent cell death was reversed by caspase-8 or -9 inhibition or by overexpression of Bcl-2 family members suggesting that the AIM2/ASC/caspase-8 complex triggers apoptosis by activating the mitochondrial apoptotic pathway. Importantly, we demonstrate that an ASC-dependent, caspase-1-independent pathway is a key to restrict intracellular Francisella replication in vitro and to control IFN-g in vivo. The relevance of these pathways in caspase-1-proficient cells and animals remains to be investigated.
Results
AIM2 triggers ASC-dependent, caspase-1-independent cell death upon Francisella infection or DNA delivery into the cytosol. To investigate whether AIM2 or ASC could have additional functions besides activating caspase-1, we decided to carefully examine the phenotypes of murine macrophages deficient for inflammasome components at different levels of the pathway. Bone marrow-derived macrophages (BMM) were infected with F. novicida and monitored for cell death. As previously described 12 and as measured by lactate dehydrogenase (LDH) release (Figure 1a ) or propidium iodide incorporation (Figure 1b) , infection with F. novicida (strain U112) triggered WT macrophage death while infection with the vacuolar mutant (DFPI mutant) had no effect on cellular viability during the time frame of the experiment. Consistent with an observation by Mariathasan et al., 12 we observed a hierarchical kinetic of cell death between WT, Casp1 KO (Figure 1c) . We observed the same biphasic cell death upon Francisella infection of bone marrow-derived dendritic cells (BMDC) (Figure 1d ). These results demonstrate that although in WT myeloid cells ASC activates caspase-1-mediated pyroptosis, in Casp1 KO cells ASC triggers an alternative cell death pathway.
We next investigated if activation of this novel ASCdependent caspase-1-independent pathway was dependent on AIM2 or on NLRP3, another inflammasome receptor. As previously observed, 19 NLRP3 KO macrophages died with similar kinetics as WT macrophages (Figure 1e ). In contrast, AIM2 KO macrophages phenocopied ASC KO macrophages and were highly resistant to F. novicida-induced cell death. Consistent with the involvement of the IFN-inducible receptor AIM2, 14, 15 prestimulation of Casp1 KO macrophages with IFN-b accelerated the cell death kinetic (Supplemental Figure S1 ). Pretreatment of ASC KO macrophages with IFN-b did not render these cells susceptible to F. novicida-induced cell death.
To confirm the existence of an AIM2/ASC-dependent, caspase-1-independent cell death pathway, we assessed phosphatidylserine externalisation (annexin V labelling) and membrane permeabilisation (propidium iodide staining) by flow cytometry. F. novicida-infected WT macrophages died by pyroptosis and do not display apoptotic features. 20 Yet, a large propidium iodide neg annexin V pos population was observed in infected WT macrophages (Figure 1f ). This suggested to us that annexin V staining could not be used to discriminate pyroptosis from apoptosis in primary macrophages. Nonetheless, annexin V staining kinetics perfectly correlated with LDH release kinetics. Indeed, as compared with uninfected macrophages, infected AIM2 KO and ASC KO macrophages did not show any increase in annexin V labelling, whereas Casp1 KO , NLRP3 KO and WT macrophages displayed, respectively, a moderate-to-large increase in annexin V labelling. All together, these data highlighted a novel AIM2/ASC pathway triggering macrophage and dendritic cell death in the absence of caspase-1. As monitored by LDH release, Casp1
KO macrophages also died when transfected with p(dA/dT), whereas cytosolic DNA had no cytotoxic effect on ASC KO macrophages ( Figure 1g ). As expected, this cell death in Casp1 KO BMM was delayed compared with caspase-1-mediated death occurring in WT macrophages. We conclude that this caspase-1-independent pathway is fully dependent on ASC. Importantly, this result demonstrates that the AIM2/ASC-dependent, caspase-1-independent cell death is not restricted to F. novicida-infected macrophages but is a general mechanism triggered upon AIM2 engagement.
Early membrane permeabilisation was visualised by the membrane impermeant dye ethidium homodimer (EtDi) (Figure 3a , top panel and Supplemental Movie SM1). This early membrane permeabilisation was concomitant with a rapid condensation and rounding up of the nucleus, in the absence of any obvious loss of cell adhesion properties. None of these changes were observed upon infection with the DFPI mutant (Supplemental Movie SM2 and Supplemental Figure S4 ). In contrast, time-lapse video microscopy of F. novicida-infected Casp1 KO BMM revealed a very different course of events with a fast cellular contraction followed by a very delayed membrane permeabilisation (Figure 3a , bottom panel and Supplemental Movie SM3). The same genotype-dependent phenotypes were observed upon p(dA/dT) transfection (Figure 3b and Supplemental Movies SM4 and 5). In ASC-mCherry-expressing WT BMM, nuclear morphological changes were visible within minutes following inflammasome activation as visualised by ASC-mCherry speck formation (Figure 3b and Supplemental Movie SM4). Interestingly, in ASC-mCherryexpressing Casp1 KO macrophages, a marked delay was observed between speck formation and the first morphological change (cell shrinkage) (Figure 3b and Supplemental Movie SM5). This observation indicates that the two cell death mechanisms triggered downstream of ASC function very differently: one triggers cell death within minutes, whereas the other proceeds slowly to the cell death commitment point. The morphological changes observed in Casp1 KO BMM upon Francisella infection or p(dA/dT) transfection were evocative of an apoptotic death. It thus suggested that in the absence of caspase-1, AIM2/ASCmediated cell death could switch from pyroptosis to apoptosis. Consistent with the latter mode of cell death, Casp1 KO Apoptosis is defined by morphological criteria and in most cases by caspase-3 activation. We used Ac-DEVD-AMC, a fluorogenic substrate, to monitor caspase-3/7 activities. At 8, 10 and 11 h PI (Figure 4a and data not shown), Casp1 KO macrophages displayed a high DEVDase activity, which was dependent on infection with WT F. novicida and on the MOI (Figure 4a ). DEVDase activity was not observed in WT or ASC KO macrophages at any of the time points tested. We did not observe caspase-7 activation by western blot in Casp1 KO macrophages (data not shown). However, we detected caspase-3 activation as early as 6 h PI in F. novicida-infected Casp1 KO BMM, but not in WT or ASC KO BMM (Figure 4b ). In agreement with caspase-3-dependent apoptosis, we detected a significant reduction in Casp1 KO macrophage death upon DEVD-fluoromethyl ketone (FMK) addition (25 to 33% reduction) (Figure 4c ). In contrast, DEVD-FMK treatment did not reduce F. novicida-mediated cell death in WT macrophages (Supplemental Figure S6 ).
Caspase-8 triggers AIM2/ASC-dependent apoptosis.

Casp1
KO macrophages do not express caspase-11, the 23 We thus ruled out a role for these inflammatory caspases in AIM2/ASC-dependent apoptosis. In mice, initiator caspases include caspase-2, -8 and -9. We analysed activation of these caspases to determine if caspase-3-mediated apoptosis was associated with activation of apical caspases. We performed this analysis at early time points in order to focus only on the primary caspase activation events. We detected caspase-8 and caspase-9 processing in Casp1 KO macrophages infected with WT F. novicida at 8 h PI. (Figures 5a and b) . The increase in the cleaved forms of caspase-8 and -9 was abolished upon infection with the DFPI mutant suggesting that caspase activation was resulting from detection of cytosolic bacteria. Accordingly, we did not observe any increase in caspase-8 or caspase-9 processing upon infection in ASC KO and AIM2 KO BMM. These data indicate that in Casp1 KO macrophages, the AIM2/ASC complex triggers caspase-8 and -9 processing. To investigate the role of caspase-2 in caspase-1-independent cell death, we generated double knock-out animals for caspase-1 and caspase-2. F. novicida infection triggered cell death in Casp1Casp2 DKO with the same kinetics as in Casp1 KO , indicating that caspase-2 is not involved in ASC-dependent caspase-1-independent cell death (Supplemental Figure S7) . Consistent with this result and although we observed a decrease in procaspase-2 levels at 7 and 8 h PI in WT and Casp1 KO BMM, respectively, (Figure 5b ) we failed to detect any caspase-2 processed form at any time point despite the use of three different anti-caspase-2 antibodies (data not shown).
To functionally test the role of caspase-8 and -9, we first tried to knock-down their expression. However, in primary macrophages, using shRNA or siRNA techniques, we failed to obtain knock-down level higher than 30 to 60% at the protein level for these two targets without affecting cell viability (data not shown). On the basis of similar experiments performed on modulating caspase-1 expression levels, we believe such an efficacy of knock-down is too low to affect cell death kinetics (data not shown and Supplemental Figure S8 ). We thus tested caspase inhibitors for their ability to inhibit caspase-1-independent cell death. The caspase-8 inhibitor (IETD-FMK, 50 mM) significantly reduced caspase-1-independent cell death (51 to 68% reduction), whereas the caspase-2 inhibitor had no effect (Figure 5d ). The caspase-9 inhibitor (LEHDchloromethyl ketone (CMK)) had no effect at 50 mM. Knowing the higher specificity conferred by the less-reactive FMK group as compared with the CMK group, we also tested the LEHD-CMK inhibitor at 200 mM. At this latter concentration, the inhibitor was effective at inhibiting caspase-1-independent cell death (51 to 77% reduction). These results demonstrate that caspase-8 and possibly caspase-9 are instrumental in triggering AIM2/ASC-dependent, caspase-1-independent cell death. In contrast, caspase-2, a caspase involved in Salmonella-induced Casp1 KO macrophage cell death, 24 does not have a role in AIM2/ASC-dependent caspase-1-independent cell death.
The AIM2/ASC complex is a caspase-8 activation platform in Casp1 KO macrophages. Caspase-1 activation occurs through interaction of its CARD domain with the CARD domain of ASC. Active caspase-1 cleaves pro-IL-1b leading to IL-1b secretion. Caspase-1 activation can thus be monitored in a sensitive way by quantifying the IL-1b concentration in the cell supernatant. We took advantage of this property to screen ASC for functional interaction with other initiator caspase prodomains. As presented in Figure 6a , we generated chimeric caspases containing the CARD (caspase-2, -9, -11, -12) or the DED domain (caspase-8) of apical caspases fused to the active domain of caspase-1. We then used an inflammasome-reconstitution system in which 293T cells transiently expressed pro-IL-1b, AIM2 and either of the chimeric caspases in the presence or absence of ASC. As expected, procaspase-1 led to a large increase in IL-1b release upon ASC addition (Figure 6b) . Interestingly, the chimeric DED casp8 -Casp1 triggered a large, ASC-dependent, IL-1b release indicating a functional We then assessed whether ASC interacts with caspase-8 in primary macrophages by co-immunoprecipitation experiments. Caspase-8 immunoprecipitated with ASC in uninfected Casp1 KO macrophages suggesting some level of constitutive interaction between ASC and pro-caspase-8 (Figure 6c) . At 6 h PI, the level of caspase-8 protein immunoprecipitated with ASC was greatly enhanced indicating that caspase-8 interaction with ASC is increased upon F. novicida infection. This increased association between ASC and caspase-8 was maintained at 8 h PI in the presence of the caspase-8 inhibitor (z-IETD-FMK). In absence of caspase-8 inhibitor, the level of caspase-8 protein immunoprecipitated with ASC at 8 h PI went back to the level observed in uninfected macrophages likely due to the cleavage/activation of ASC-associated caspase-8 (Figure 5a ). Overall, these two experiments suggest that caspase-8 interacts with ASC leading to its processing and activation.
As described above, sensing of F. novicida in the cytosol is associated with the formation of a large protein complex consisting of polymerised AIM2 and ASC, which can be visualised as a speck by immunofluorescence microscopy. 14 As AIM2/ASC specks are caspase-1 activation platforms, we wondered if they could also have such a role for caspase-8. We thus used fluorescently labelled caspase-8 (Carboxyfluorescein-LEDT-FMK) or caspase-9 (Carboxyfluorescein-LEHT-FMK) inhibitors to probe the localisation of active caspases in Casp1 KO macrophages. Strikingly, the active caspase-8 probe overlapped with the AIM2 and ASC specks in infected Casp1 KO macrophages (Figure 6d) . Furthermore, the active caspase-9 probe was not visualised in the AIM2 or ASC specks in Casp1 KO macrophages (Figure 6d ). In WT infected macrophages, we observed the presence of both caspase-8 and caspase-9 probes tightly associated with ASC specks (data not shown). However, this staining was likely due to non-specific binding of the probe to active caspase-1. To exclude any bias associated with the specificity of the probes, we investigated the localisation of the caspases directly by immunofluorescence. In the absence of antibodies suitable for detection of endogenous caspases by microscopy, we ectopically expressed FLAG-tagged caspase-8 or caspase-9 prodomains in WT and Casp1 KO macrophages. We detected the caspase-8 prodomain in more than 75% of the ASC specks formed in both WT and Casp1 KO macrophages (Figure 6e ). In contrast, we could not detect colocalization of ASC with ectopically expressed FLAG peptide (o3%) or with the prodomain of caspase-9 (0%) (Figure 6e and Supplemental Figure S10A ). Furthermore, neither FLAG-tagged caspase-8 prodomain (Supplemental Figure S10B ) nor active caspase-8 probe (Supplemental Figure S9 ) colocalized with the AIM2 speck in ASC KO macrophages indicating that ASC is an adaptor required for caspase-8 recruitment to the AIM2 speck. Taken together, these results clearly demonstrate that the AIM2/ASC complex acts as a novel platform capable of directly recruiting and activating caspase-8.
We could not detect direct caspase-9 activation in the AIM2/ASC complex suggesting that caspase-9 might be activated through caspase-8 cleavage of Bid and subsequent activation of the mitochondrial intrinsic apoptotic pathway. In agreement with such an involvement, overexpression of Bcl-2 (Figure 6f ) or Bcl-X L (Supplemental Figure S11) Figure 6g ).
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The ASC-dependent caspase-1-independent pathway restricts F. novicida intracellular replication and controls IFN-g levels in vivo in Casp1 KO mice. As the AIM2/ ASC/caspase-1 pathway is a key to restrict intracellular F. novicida growth, we wondered if the novel AIM2/ASC/ caspase-8 pathway was also effective in limiting intracellular replication in Casp1 KO macrophages. Indeed, at 12 h PI, we observed a drastic increase in intracellular bacterial levels in ASC KO macrophages as compared with Casp1 KO BMM (Figure 7a ). This replication assay was further confirmed by flow cytometry analysis of BMM infected with GFP-expressing F. novicida (Figure 7b ). These results imply that ASCdependent caspase-1-independent death is a key to limiting intracellular bacterial replication in Casp1 KO macrophages and define this novel pathway as an antibacterial innate immune pathway. To investigate the importance of this pathway in vivo, we infected ASC KO and Casp1 KO mice with F. novicida. We did not observe any significant differences in survival or bacterial burdens at 48 h PI in ASC KO compared with Casp1 KO mice (Figure 8a and data not shown). However, at this same time point, the levels of IFN-g, a key cytokine to fight intracellular bacteria were significantly higher in the serum of Casp1 KO animals as compared with ASC KO animals ( Figure 8b ). In addition, the level of IFN-g was higher in WT animals as compared with Casp1 KO animals. The differences observed in cell death in vitro (WT4Casp1 KO 4ASC KO ) are thus perfectly mirrored by the differences observed in vivo in terms of IFN-g. The role of caspase-8 in the ASC-dependent, caspase-1-independent production of IFN-g remains to be investigated. AIM2/ASC-dependent, caspase-8-mediated apoptosis R Pierini et al caspase-9 activation. 31 We do not know if such a pathway is active in primary murine macrophages. Bcl-2 or Bcl-X L overexpression inhibits ASC-dependent caspase-1-independent cell death (Figure 6f ). Based on the direct activation of caspase-8 in the AIM2/ASC speck, we favour the hypothesis that caspase-9 activation is an event downstream of caspase-8 activation, 32 that macrophages are type II cells, that caspase-8 activation requires a mitochondrial relay to activate caspase-9 and trigger caspase-3-dependent apoptosis (see our model in Figure 6g ).
Several innate immune pathways are known to activate initiator caspases during infections. For example, TLR2 engagement leads to caspase-8 activation. 33 We did not observe significant and reproducible caspase-8 activation in WT macrophages using western blotting analysis. We were thus unable to assess the role of TLR2 for caspase-8 activation (Supplemental Figure S14) . Furthermore, we did not observe any differences in cytokine levels or in the kinetics of IkBa degradation (Supplemental Figure S15) between Casp1 KO and ASC KO macrophages, suggesting that the ASC-dependent caspase-1-independent cell death is not because of differential levels of cytokine production or NF-kB activation. Our work has uncovered the novel AIM2/ASC-dependent apoptotic pathway because of the use of macrophages deficient for caspase-1. Such a strategy has been widely used in the past and has revealed novel physiological cell death pathways occurring in the wild-type context such as necroptosis. 34 In vitro, in Francisella-infected WT macrophages, inflammasome activation triggers a fast caspase-1-mediated cell death, and thus the ASC-dependent caspase-1-independent pathway might not have time to impact cell function. Indeed, using macrophages from caspase-8 RIP3 double knock-out mice, 35 we did not detect any role for caspase-8 in caspase-1-mediated death (Supplemental Figure S16) . However, such an innate immune pathway might be important in WT cells during sublethal inflammasome activation. 36 An ASC/caspase-8-dependent pathway has been described in immortalised cell lines 37 not expressing caspase-1. 38 We have detected both ASC and caspase-1 in CD4 and CD8 T cells as well as in B cells (data not shown) indicating that caspase-1 expression is not restricted to myeloid cells. At this time, we do not know if such cells exist in a physiological context. Finally, caspase-8 has numerous functions independent of leading to cell death. The role of the AIM2/ASC complex in modulating the caspase-8 non-lytic functions remains to be investigated.
Caspase-1-mediated pyroptosis is a key immune defence against intracellular bacteria by removing their replication niche. 6 We show here that in the absence of caspase-1, activation of the innate immune receptor AIM2 is still able, in an ASC-dependent manner, to restrict Francisella intracellular replication (Figures 7a and b) . We did not observe any significant differences in survival or bacterial burden at 48 h PI between Casp1 KO and ASC KO animals during experimental tularaemia (Figure 8a and data not shown) . However, at 48 h PI, we detected a strong and specific reduction in the level of IFN-g in ASC KO as compared with Casp1 KO animals ( Figure 8b and data not shown). This result indicates the presence of an ASC-dependent pathway occurring in vivo in Casp1 KO animals and regulating IFN-g serum levels. Futures studies are needed to test whether this ASC-dependent caspase-1-independent pathway relies on caspase-8 and whether it regulates IFN-g levels in caspase-1-proficient animals. While our manuscript was under revision, Gringhuis et al. 39 found that Dectin-1, in response to extracellular pathogens, can trigger caspase-8-mediated pro-IL-1b cleavage in an ASC-dependent, caspase-1-independent manner indicating the relevance of such a non-canonical inflammasome pathway in WT animals. Importantly, we demonstrate here that in absence of caspase-1, sensing of intracytosolic pathogen via AIM2 can also trigger ASC-mediated caspase-8 activation and apoptotic cell death.
Interestingly, another inflammasome sensor, NLRP1 (formerly known as Nalp1) interacts with components of the apoptotic pathway, Bcl-2, Bcl-X L and Apaf1. 40 Here, we demonstrate that the AIM2/ASC complex can activate caspase-8. Taken together, these results highlight the interplay between the inflammasome pathway and the apoptotic machinery and illustrate the possible switch between apoptotic and pyroptotic pathways upon PRR engagement. KO and TLR2 KO mice were bred at the PBES animal facility. For infection, mice were injected intradermally with 5 Â 10 3 CFU of F. novicida strain U112 in 50 ml PBS. The mice were monitored for signs of sickness and lethality twice daily for the survival study. Alternatively, mice were euthanized at 48 h PI. Spleen and liver were harvested at 48 h PI, homogenised and dilutions were plated on supplemented Mueller Hinton plates. The bacterial burden in the spleen and the liver was determined to be similar in ASC KO and Casp1 KO mice. Blood was collected by intracardiac puncture. Following a 20-min incubation at 41 C, clotted blood was centrifuged at 15 000 r.p.m. during 15 min to obtain serum. IFN-g levels in serum were determined by multiplex immunoassay (Bio Plex Pro Mouse Cytokines-Biorad, Marnes-la-Coquette, France) at the PBES genotyping and phenotyping platform.
Bone marrow-derived macrophages, dendritic cells, cell culture and transduction. Preparation, culture and infection of bone-marrow macrophages were performed as previously described. 13 To obtain BMDC, red blood cells were lysed using a hypotonic buffer and bone-marrow progenitors were cultured for 5 days in RPMI1640 medium (Invitrogen, Marnes-la-Coquette, France) supplemented with 5% FCS (Lonza, Basel, Switzerland), 50 mM b-mercaptoethanol (Sigma, Saint-Quentin Fallavier, France), 2% v/v GM-CSF-containing J558-GMCSF supernatant. Retroviral particles were generated in Phoenix-Eco packaging cells by transfection with a modified pMSCV2.2 plasmid expressing either ASC-mCherry or GFP-AIM2 chimeric proteins (primers and cloning details are provided in Supplemental Information). Retroviral transduction was performed twice on fresh myeloid progenitors at day 2 and 3 post isolation from the bone marrow. Lentivirus particles were generated for the expression of Bcl-2, Bcl-X L , FLAG tag peptide or FLAG-tagged prodomains of caspases-1, -8 and -9. Transduction of BMM was optimised in order to obtain transgene expression in more than 90% of cells, as assessed by flow cytometry analysis. Detailed protocols on lentivirus production and transduction, and description of the plasmids used can be found in the Supplemental Material and Methods. Transduced macrophages were infected 96 to 120 h post-transduction. When transduction or flow cytometry assays were performed, macrophages were plated on non-treated plastic plates to ease macrophage collection. 293T and Phoenix-Eco cells were cultured in DMEM medium, supplemented with 10% FBS, penicillin (100 U/ml), streptomycin (100 U/ml), 1 mM glutamine and 1 mM sodium pyruvate.
Bacterial strains, growth conditions and intracellular replication assay. F. tularensis subspecies novicida strain Utah (U112) and mutant lacking the whole FPI were grown in tryptic soy broth supplemented with 0.1% (w/v) cysteine. F. novicida U112 or DFPI mutant were chemically transformed with pKK-214-GFP to obtain GFP-expressing strains. Strains, plasmids and protocol details are provided in Supplemental Information.
For replication experiments, 3 Â 10 5 macrophages were seeded per well in 2 cm 2 well. Macrophages were lysed at various times PI with 1% (w/v) saponin (Sigma) in water for 5 min, diluted and plated on TSA supplemented with 0.1% (w/v) cysteine to enumerate colony-forming units. Analysis of intracellular bacterial growth was also performed on a CantoII FACS (BD Biosciences, Le Pont de Claix, France) by detecting the fluorescence emission of intracellular GFP-expressing bacteria.
Cell death assays. Quantification of cell death was performed by analysis of LDH release in the cell supernatant, using the CytoTox96 LDH kit (Promega, Charbonnières-les-Bains, France), following manufacturer's instructions. A total of 10 5 BMM in a 0.3-cm 2 well in 120 ml of phenol-red minus medium were used. Detection of phosphatidylserine in the outer layer of the plasma membrane was performed by Annexin V staining, using the Annexin V/FITC or Annexin V/APC assay kits (AbD Serotec, Düsseldorf, Germany), following manufacturer's instructions. Cell death was also quantified by monitoring propidium iodide incorporation. Briefly, 5 Â 10 4 BMM were seeded in 0.3 cm 2 wells of black 96-flatbottom-well plate, in phenol-red minus medium. One hour after infecting cells with F. novicida, propidium iodide was added to each well at a final concentration of 5 mg/ml. Propidium iodide fluorescence was measured over a 24-h period on a microplate fluorimeter (Tecan, Lyon, France). Fluorescence in each well was normalised to the fluorescence obtained at 2 h PI. For the analysis of cell permeabilisation and nuclear condensation, 2.5 Â 10 5 BMM were seeded onto glass coverslips in 24-well plate. At desired time following infection with F. novicida, cells were incubated with EtDi at 1 mM final concentration for 15 min at 37 1C. Cells were fixed by incubation with 4% (w/v) paraformaldehyde solution for 10 min, before performing three washes with PBS and staining with DAPI (100 ng/ ml). Cells with condensed nuclei (small nuclei, no evident nucleolus) and intact cell membrane (no EtDi staining) were counted out of 200 cells in each coverslip. Nucleus size was measured using Image J software (NIH, Bethesda, MD, USA). Three replicates were prepared for each sample at each time point. Cells were imaged with a Â 63 objective with a Zeiss LSM 510 (Axiovert 100M, Jena, Germany). Nuclei of cells with fragmented DNA were stained with TUNEL, following manufacturer's instructions (in situ cell death fluorescein-Roche, Boulogne-Billancourt, France). A total of 10 5 BMM were seeded onto glass coverslips in 24-well plate. At desired time following infection, cells were fixed by incubation with 4% (w/v) paraformaldehyde solution for 10 min, then stained with TUNEL and DAPI. Cells were imaged with an inverted Zeiss (Le Pecq, France) 100M microscope and a Â 63 objective. The proportion of cells with fragmented DNA was obtained by counting TUNEL þ cells out of a 200-cell population in each coverslip. Three replicates were prepared for each sample at each time point. For the assessment of DNA fragmentation by gel electrophoresis, 10 6 BMM were seeded in 6-well plate. Eight hours after infecting cells with U112 (MOI 100), or following a 4-h treatment with 5 mM gliotoxin, isolation of fragmented DNA was performed. Protocol is detailed in the Supplemental Material and Methods.
BMM transfection with p(dA/dT). Cell transfection was performed by using lipofectamine 2000 (Invitrogen) and following manufacturer' instructions. A total of 0.2 mg of poly(dA-dT)poly(dT-dA) (p(dA/dT)) (Invivogen) and 0.5 ml of lipofectamine were used to transfect 5 Â 10 4 BMM in a 0.3 cm 2 well.
Microarray analysis. Mouse exonic evidence based oligonucleotide arrays consisting of 70 nucleotide-long probes were used. Detailed protocols are available in Supplemental Material. Two biological replicates were realized for each sample at each time points.
Time-lapse analysis. A total of 7 Â 10 5 cells were seeded onto a glass coverslip in 6-well plates. Following cell infection with F. novicida or p(dA/dT) transfection, the coverslip was transferred into a POC chamber system (Pecon, Erbach, Germany) and placed on a thermostated stage. Cells were imaged every 3 min for up to 4 h with an inverted Zeiss 100M microscope and a Â 63 objective. Image acquisition and analysis were performed by using the Image J and Metamorph (Molecular Devices, Sunnyvale, CA, USA) softwares.
Protein lysates and caspase activity assay. Following BMM infection, protein extracts were obtained by incubating cells with lysis buffer (10 mM Hepes/ KOH, 2mM EDTA, 0.1% CHAPS, 250 mM sucrose, 5 mM dithiothreitol). Samples were clarified by centrifugation at 4 1C, 13 000 g for 15 min. Protein concentration was determined using Bradford method (BioRad). Fluorimetric analysis of caspase-3/7 activity was performed by incubating protein extracts (4 mg/sample) with Ac-DEVD-AMC at 40 mM final concentration. Fluorescent reading over 90 min was performed on a fluorimeter (Tecan).
Immunoblotting analysis. Protein lysates for immunoblotting were prepared by using the lysis buffer previously described, enriched with Complete protease inhibitor cocktail (Roche). Equal amounts of protein lysates (30 mg per sample for caspases-2, and -3; 10 mg/sample for caspase-8 and -9; 15 mg per sample for IkBa) were loaded in 4-12% Bis/Tris gel (Invitrogen), and run in MES buffer (caspase-2, -3, -9 and IkBa) or MOPS buffer (caspase-8) (Invitrogen). Protein transfer was performed with iBlot gel transfer stacks (Invitrogen). Antibodies anticaspase-2 (kindly provided by Dr. J Yuan, 10 3 dilution), anti caspase-3 (sc-136219, Santa Cruz Biotechnology, Inc., Heidelberg, Germany, 10 3 dilution), anti caspase-8 (ALX-804-447, Enzo Life Sciences, Villeurbanne, France, 3 Â 10 3 dilution), anti
